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Abstract  
Cyanotoxins are secondary metabolites produced by cyanobacteria, a group of 
photosynthetic prokaryota especially found in freshwater. In favourable conditions (i.e. 
high nutrient levels, light intensity, water temperature), cyanobacteria can form blooms, 
a natural phenomenon characterised by an algal biomass accumulation and the possible 
release of cyanotoxins in water ecosystems. Toxins represent an emerging threats for 
the aquatic organisms which can bioaccumulate these compounds and transfer them 
throughout the food chain to wildlife and humans. Other ways of exposure for humans 
include the oral, dermal and inhalation route.    
The consumption of contaminated drinking water, skin contact and swallowing water 
during recreational activities are among the most frequently reasons for human 
poisonings caused by cyanotoxins. The associated symptoms usually range from severe 
headache to fever, respiratory paralysis and in rare case, death. The World Health 
Organization (WHO) has issued a provisional guideline value of 1 µg/L in drinking water 
for Microcystin-LR (MC-LR), the most toxic, widespread and common toxin in water 
supplies. Due to the lack of complete toxicological data for a range of cyanotoxins, their 
concentration in drinking water is not yet well regulated even in countries belonging to 
the European Union (EU). 
In this report, attention is focused on the methodologies commonly used to detect 
cyanotoxins in water environments. These applications can be grouped in: I) microscopy 
analysis II) physicochemical methods III) molecular-based methods IV) biochemical-
based methods V) chemical methods. Each technique shows specific limitations in terms 
of sensitivity, reliability and limit of detection. The choice of the best one to use is 
determined in accordance with the information they provide, the availability of facilities 
and the technical expertise of the operators. Most of the research about cyanotoxins has 
been mainly focused on microcystins (MCs). The other cyanotoxins have been much less 
investigated and more tools need to be developed to overcome this problem. 
Notwithstanding there is no a single analytical application able to detect all cyanotoxin 
variants in an environmental sample. Some current methods described in this report 
show great promise in terms of being simple, cost-effective, specific and sensitive for the 
analysis of a defined toxin.   
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1. Introduction  
Cyanobacteria are photosynthetic bacteria which are mostly found in freshwater 
systems. Due to their long evolutionary story, they have adapted to climatic, 
geochemical and anthropogenic changes. Indeed, they can also colonise water that is 
salty or brackish and are capable to survive extremely low and high temperatures. 
Cyanobacteria have a key role in maintaining the environmental balance as well as the 
biodiversity of microorganisms and higher organism communities. They use the energy 
of sunlight to perform photosynthesis and are specialised in converting the inert 
atmospheric nitrogen (dinitrogen) into inorganic forms (nitrate or ammonium). Aquatic 
plants and algae need all these forms of nitrogen for their growth. Nevertheless, the 
anthropogenic eutrophication and climate changes are contributing to the intense 
proliferation of cyanobacteria in waterbodies, so causing a phenomenon knowns as 
bloom which may compromise the quality of drinking and recreational water. It has been 
observed that when a bloom occurs, secondary metabolites with high levels of toxicity, 
known as cyanotoxins, are produced by cyanobacteria. Cyanotoxins can impact on 
humans, animals and plants and they are classified according to their toxicological target 
in hepatotoxins, cytotoxins, neurotoxins and dermatoxins. The global occurrence of 
cyanotoxins in natural water reservoirs, in surface waters used for potable or 
recreational aims or in seafoods, promoted the development of methods and approaches 
for detection of toxins in environmental samples. A good policy of water management is 
in fact necessary not only to detect cyanobacteria causing the blooms but especially to 
assess the presence of cyanotoxins produced in waterbodies. Nowadays, molecular, 
biochemical and chemical techniques are the most frequent methodological approaches 
to detect toxic cyanobacteria and their cyanotoxins. Microscopic counting has 
traditionally been employed in monitoring programs of waterbodies but this method is 
not able to distinguish between toxic and nontoxic strains. During a bloom, some 
cyanobacteria known to be toxic, and some others which do not produce toxins, may be 
present together. Since they not show any morphological difference, the microscopic 
identification is not a suitable approach to detect their distribution. Molecular-based 
methods have thus supplemented biological methods because of their potential to 
specifically identify and quantify cyanotoxins-coding genes. However Desoxyribonucleic 
Acid (DNA)-based detection approaches are not informative about the presence of 
toxicity in terms of expression at protein level. To overcome this limit, other methods 
like biochemical and chemical techniques have been developed to quantify which toxin is 
present in a specific environmental sample. The currently detection approaches are 
different in term of sensitivity and specificity and the choice of the best method to use is 
influenced by the information they provide, the availability of facilities (when required) 
and the technical expertise of the operators.   
Considering the risks posed by cyanotoxins to human health and the environment, many 
countries have adopted the provisional value of 1μg/l in drinking water for Microcystin-
LR (MC-LR), the most toxic and widespread hepatotoxin produced by cyanobacteria. 
Specific regulatory approaches adopted by different countries are included in the booklet 
published in 2012 by the Umweltbundesamt (UBA). Only few European countries are 
mentioned in this document underlying the need of implementing the assessment and 
management of cyanotoxins risks on the broad European scale. National regulations and 
recommendations aimed to limit cyanobacterial biomass in our waterways are therefore 
necessary to reduce health risks and frequencies of blooms. The improvement of early 
warning methods to detect cyanobacteria is at the same time required in order to 
support the regulatory policies and prevent additional human and ecosystem health 
hazards. 
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2. Cyanotoxins  
The word cyanotoxins refers to diverse groups of secondary metabolites produced by 
various genera of cyanobacteria which are highly toxic to many organisms including 
animals, plants, algae and humans. Cyanotoxins are produced by bloom-forming 
cyanobacteria whose rapid proliferation is regulated by a combination of environmental 
and anthropogenic factors. A bloom is a natural phenomenon caused by a significant 
production of biomass and is often characterised by the formation of a dense layer of 
cells at the surface of the water1. The massive growth of cyanobacteria can be induced 
by different physical, chemical and biological factors among which the warmer water 
temperature (25ᵒC or above), the light intensity (a species-specific necessity) and the 
trophic status of the water (understood as the increased input of nutrients in aquatic 
systems, mainly phosphorous and nitrogen)2,3. Under these increasingly recurring 
circumstances, both planktonic and benthic cyanobacteria can reach high concentrations 
and have severe impacts on the ecosystem so that the blooms formation process has 
become a worldwide environmental problem affecting aquatic ecosystems including 
freshwater and brackish water.  
Blooms are not necessary related to toxicity since not all cyanobacteria strains are 
toxic4. Each toxin is produced by cyanobacteria only when the appropriate toxin gene is 
carried by a particular strain and if its expression is activated by environmental 
conditions. In most cases, toxic and nontoxic species coexist during a bloom but the 
amount of toxins in the waterbody is not always directly correlated to the presence of 
toxin-producing cyanobacteria. A specific toxin, indeed, can be produced by different 
species and a single species is able to produce multiple types and variants of toxins5.  
The majority of cyanotoxins are found intracellularly, in the cytoplasm of the cells. 
Cyanobacteria usually release their intracellular content of toxins in the water when an 
algal bloom decays but in some species, toxins can be also secreted by live cells 
(extracellular toxins)5. All the toxins released into the water can bioaccumulate in the 
environment and in waterborne organisms which can transfer them to aquatic fauna and 
humans. When toxins accumulate in shellfish, their consumption by human populations 
may cause symptoms ranging from severe illnesses to death. Several studies are 
ongoing to understand the broad spectrum effects of cyanotoxins and more attention has 
been recently paid to investigation of their toxicity and possible impacts on human 
health. 
 
2.1 Classification of cyanotoxins  
 
Cyanotoxins are usually classified in four classes according to their toxicological target: 
i) hepatotoxins that act on liver (Microcystins and Nodularin) ii) cytotoxins that 
produce both hepatotoxic and neurotoxic effects (Cylindrospermopsin) iii) neurotoxins 
that cause injury on the nervous system (Anatoxins, Saxitoxins and β-Methylamino-L-
Alanine –BMAA-) and iv) dermatoxins that cause irritant responses on contact 
(Lypopolysaccharide, Lyngbyatoxins and Aplysiatoxin) (Table 1).  
In terms of their chemical structures, cyanotoxins fall into three groups: cyclic 
peptides (Microcystins and Nodularin), heterocyclin compounds (alkaloids) 
(Cylindrospermopsin, Anatoxins, Saxitoxins, Lyngbyatoxins, Aplysiatoxin) and lipidic 
compounds (Lypopolysaccharide). 
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Table 1: Toxins produced by cyanobacteria: their effects and primary targets 
(Table taken from the Report “Algal Bloom and its economic impact”, JRC Technical 
Report, 20161)  
 
* BMAA stands for β-Methylamino-L-Alanine; NMDA stands for N-Methyl-D-Aspartate 
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2.1.1 Hepatotoxins: Microcystins and Nodularins  
The hepatotoxins Microcystins (MCs) and Nodularins (NODs) are cyclic heptapeptides 
and pentapeptides with similar structures and mechanisms of action. These toxins 
possess in their molecules the unusual β-amino acid Adda (3-amino-9-methoxy-2, 6, 8-
trimethyl-10-phenyldeca-4E, 6E dienoic acid), which is found only in cyanobacterial 
peptides and is often associated with the toxicity of these compounds3. To date, more 
than 80 variants of MCs and 9 congeners of NODs have been identified. In MCs, each 
congener is determined by multiple combinations of the variable amino acids X and Z, 
while the NODs structure (Figure 1) shows only one variable amino acid Z6. Modification 
at the level of functional groups within the molecules are also involved in determining 
the hepatotoxins variants.  
Microcystins are the most widespread and well studied cyanotoxins. Among the MCs, the 
congener Microcystin-LR (MC-LR) (Figure 2), characterised by having the amino acid 
Leucine and Alanine respectively in the position X and Z, is the most toxic MCs variant 
and is also the most prevalent in brackish and freshwater blooms7. Considering its high 
toxicity, the World Health Organization (WHO) has set a provisional guidance value, 
equal to 1µg/L, for the maximal acceptable concentration of MC-LR in drinking water8. 
This value has been adopted by different countries: Brazil, Czech Republic, France, New 
Zeeland, Singapore, Spain, Uruguay and South Africa. In Australia the guidance value 
for this hepatotoxin in drinking water is equivalent at 1.3 µg/L, and in Canada the 
provisional maximum value (PMAV) for MC-LR has been fixed at 1.5 µg/L8. In four 
countries belonging to the European Union (EU) (Denmark, Germany, Netherland and 
Italy) there are no cyanotoxin drinking water specific regulations. In Denmark and 
Germany, in particular, this is because almost all drinking water originates from ground 
water. In Italy, MCs are monitored only if a contamination risk is expected. When this 
phenomenon happens in waterbodies used as a source of drinkable water, the local 
authorities follow the provisional WHO guideline for MC-LR of 1µg/L. Finally, in Finland, 
the national regulation has fixed the value for MCs in raw water as low as 1µg/L. 
Microcystins take their name from Microcystis, the first genera of cyanobacteria which 
has been identified to be responsible for their biosynthesis. Today, however, it is known 
that MCs are produced by many other species of cyanobacteria such as Oscillatoria, 
Aphanizomenon, Anabaena, Planktothrix and Anabaenopsis; the production of NODs, on 
the contrary, has been reported only for species Nodularia spumigena, Nodularia 
sphaerocarpa and for the genera Nostoc2. Toxins synthesis is a non-ribosomal process 
regulated by genes coding for Non-Ribosomal Peptide Synthetase (NRPS) and Poliketide 
Synthase (PKS)9. The regulation of both MCs and NODs synthesis is influenced by 
environmental conditions but factors like nutrients concentration and light intensity are 
also deeply involved in their production. 
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Figure 1: Chemical structure of Nodularin (NOD).  
 
 
Figure 2: Chemical structure of Microcystin-LR (MC-LR). Structure of MC-LR with 
the aminoacids Leucine and Arginine respectively in the position X and Z of the molecule. 
The amino acid Adda is also indicated. (Source: DrJohn1100 - Own work, CC BY-SA 
4.0, https://commons.wikimedia.org/w/index.php?curid=34824794) 
Microcystins are hydrophilic molecules and they are incapable of crossing passively the 
cell membrane but rather require active transport via specific transporters. The 
hepatocytes, the main target cells of MCs, are responsive to these toxins via the bile acid 
transportation system and the members of the Organic Anion Transporting Polypeptides 
(OATP)10. Microcystins toxicity is not restricted to the liver, indeed OATP are also 
localised in the kidney, gastrointestinal tract and they can also pass through the bloom-
brain barrier. The discovery of these new targets explains the damage caused by MCs on 
both renal and gastrointestinal functions and its hypothetical role in certain 
neurodegenerative diseases11. 
The toxicological effect of MC-LR in mice after intra peritoneal injection corresponds to 
an LD50 (the Lethal Dose defined as the amount of a substance that kills 50 percent of 
treated animals) of about 50 µg/kg body weight12. On the contrary, the oral 
administration of MC-LR is less toxic and the LD50 is equal to 5000 µg/kg body weight, a 
value maybe due to a slow gastrointestinal uptake of toxins in mice13. An estimated No 
Observed Adverse Effects Level (NOAEL), the level of exposure at which there are no 
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reported adverse effects in treated animals, was derived following 90 days exposure of 
mice to MC-LR through gavage and corresponds to a value of 40 µg/kg body weight/day; 
while the Lowest Adverse Effect Level (LOAEL), the level of exposure at which minor 
hepatic damages have been observed in mice, has been calculated to be 200 µg/kg body 
weight/day11. Like MC-LR, NODs have a similar value of intraperitoneal LD50 in mice (50-
70 µg/kg body weight) but no data are available for the oral LD50, the NOAEL and LOAEL 
even if it is expected the values would be comparable to MC-LR. 
With regard to the mechanism of action, MC-LR and NODs are inhibitors of 
serine/threonine-specific Protein Phosphatases 1 and 2A (PP1 and PP2A)14. The inhibition 
results in the disruption of the cytoskeleton and the subsequent cytolysis and apoptosis 
involving mainly the hepatocytes. All MCs congeners are able to induce a comparable 
inhibition of PPs in vitro while they differ among themselves in terms of selectivity for 
the OATP members resulting in a different absorption and tissue distribution of the MCs 
variants. Unlike the MCs which can covalently bound to the PP1 and PP2A, NODs do not, 
but this difference doesn’t compromise their inhibitory effect. NODs, moreover, have a 
smaller ring-structure relative to the larger ring- structure of MC-LR which enables it to 
easily enter the hepatocytes and cause significant effects on the liver15.  
It has been reported that MCs and NODs can also induce the formation of Reactive 
Oxygen Species (ROS), reactive products belonging to the partial reduction of oxygen 
and involved in the induction of serious cellular damages such as genotoxicity and 
apoptosis. Studies regarding the mechanism leading to the MC-LR-induced ROS 
generation are very limited but it has been demonstrated that MC-LR may induce the 
oxidative stress via its link with the human liver Aldehyde Dehydrogenase 2 (ALDH2)16. 
It is also likely that this biochemical mechanism of toxicity is responsible for genotoxic 
and clastogenic effects of MCs. 
Genotoxicity of cyanobacteria has been investigated both in bacterial and mammalian 
test systems. In particular, studies have been conducted with microcystic cyanobacterial 
extracts from field samples and/or with pure MCs extracts and the results have indicated 
that MCs are probably not bacterial mutagens14. It has been observed a huge 
discrepancy between data and, when positive results were obtained, the extracts showed 
higher cytotoxicity then the pure toxins proving that environmental contaminants could 
contribute to the genotoxicity of the extracts. Experiments performed on mammalian 
cells displayed that MCs-induced oxidative stress results in a significant increase of 
micronuclei formation and Desoxyribonucleic Acid (DNA) damage both in vivo and in 
vitro14. In addition, MC-LR has been reported to attenuate the Nucleotide Excision Repair 
(NER) and the double-stranded breaks in DNA by the Non-Homologous End Joining 
(NHEJ)17. It can therefore be concluded that the combination of the oxidative stress 
induction and the inhibition of pathways involved in DNA repair are two cellular 
mechanisms contributing to the genomic instability caused by the exposure to MCs. 
Some studies suggest that MCs and NODs might act as tumor promoters. There has 
been evidence for tumor promotion properties of MCs from numerous animal 
experiments and in 2010, a working group of WHO, the International Agency for 
Research on Cancer (IARC), classified MC-LR as “possible human carcinogen”18. One of 
the key mechanism implied in MCs tumor promotion is the induction of 
hyperphosphorylated cellular proteins following the inhibition of PP1 and PP2A. In 
addition, the strong induction of Tumor Necrosis Factor-α (TNF- α) and proto-oncogenes 
such ad c-jun, c-fos, c-myc might be another possible way through which MC-LR induces 
carcinogenicity.  
Nodularins exert effects comparable to those induced by MC-LR: it induces the 
expression of TNF-α, proto-oncogenes, oxidative stress, DNA damages and interferes 
with the DNA damage repair pathway NER14. However the hepatotoxin NOD has not 
been studied so deeply as the MC-LR and for this reason it has been classified by IARC 
as “animal carcinogen but not classifiable as to its carcinogenicity to humans”18. The 
New Zeeland is the only country to have set a PMAV for NODs in drinking water (1ug/L)8. 
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2.1.2 Cytotoxins: Cylindrospermopsin 
Cylindrospermopsin (CYN) (Figure 3) is a cyanobacterial cytotoxin enclosing a tricyclic 
guanidine group which is linked through a hydroxyl bridge to a uracil moiety potentially 
responsible for the toxicity. In addition to this chemical structure, two other variants of 
the toxin are known; 7-epi-CYN which is characterised by having a different orientation 
of the hydroxyl group close to the uracil ring and 7-deoxy-CYN which is missing of the 
oxygen adjacent to the uracil moiety19. The congener 7-epi-CYN shows severe toxicity 
similar to CYN, while 7-deoxy-CYN seems to be non-toxic20-22.  
Isolated for the first time from the cyanobacterium Cylindrospermopsis raciborskii in 
1992, CYN is also biosynthesised by other cyanobacteria including Anabaena bergii, 
Aphanizomenon ovalisporum and Raphidopsis curvata19. CYN is classified as cytotoxin 
because it can affect both the liver (hepatotoxic) and the nervous system (neurotoxic). 
Similarly to Microcystins (MCs) and Nodularins (NODs), CYN is synthetised non-
ribosonally by the Polyketide Synthase (PKS) and the Non-Ribosomal Peptide Synthase 
(NRPS) while its route of elimination is not only via the urine, but also via feces23. Cell 
membranes are impermeable to the molecule because of its high polarity even if the 
small size of the toxin promotes a low passive diffusion through the membranes24. The 
half-life of CYN in high purity water is more than 10 days. Furthermore, when bacterial 
communities were exposed to the toxin, the biodegradation of CYN was not observed 
even after 40 days, suggesting that this event may concur to promote the accumulation 
of the toxin in waterbodies.  
Once in the organism, the prime target of CYN is the liver, but other organs including the 
kidney, spleen and lungs might be affected. Cylindrospermopsin has a late and acute 
toxicity as demonstrated in a study where the Lethal Dose 50 (LD50) of pure CYN after 
intraperitoneal (i.p.) administration to mice was 2.1 mg/kg bw after 24 hours and 
decreased ten times after 120-144 hours11. When extracts were intraperitoneally 
injected to mice, the LD50 was 0.18 mg/kg alkaloid equivalent after 7 days while its oral 
injection showed a lower toxicity in the range of 4.4-6.9 mg/kg alkaloid equivalent 
maybe caused by a different toxicokinetic11.   
The No Observed Adverse Effect Level (NOAEL) and the Lowest Observed Adverse Effect 
Level (LOAEL) values for the pure CYN were determined in a study where the toxin was 
administrated at different doses to mice by daily gavage for 11 weeks. The NOAEL value 
of 30 μg/kg bw per day and the LOAEL of 60 μg/kg bw per day were based on kidney 
toxicity and on the dose-related and statistically significant increase in relative kidney 
weight25. A dose dependent increase of the liver weight was also observed even if the 
kidney was the more sensitive organ to the toxin. Based on this NOAEL, a value of 1 
µg/L was proposed in Australia and New Zeeland as a guideline for maximum 
concentration of CYN in drinking water while in Brazil the guidance value has been fixed 
at 15 µg/L8.  
Cylindrospermopsin exerts its main action by inhibiting the protein synthesis, a 
mechanism which may lead to cell death26. A genotoxic, clastrogenic and aneugenic 
activity for CYN has been also observed after the metabolic activation of the toxin by 
cytochrome P-450 enzymes. Indeed, in metabolically competent cells and also in in vivo 
experiments, CYN exposure may leads to micronucleus induction, tumor initiation, fetal 
toxicity, Desoxyribonucleic Acid (DNA) strand breaks and chromosome loss. In addition, 
CYN can induce stress responses in human cell lines, presumably due to the damage to 
cellular components, causing the activation of p53 target genes27. The involvement of 
p53 in CYN toxicity needs to be investigated mainly because of the important role the 
protein has in growth arrest, DNA repair processes and apoptotic cell death. The exact 
mechanism through which CYN promotes carcinogenity is not well understood and the 
toxin was not evaluated by the World Health Organization (WHO); moreover in the 
Environmental Protection Agency’s (EPA) guidelines for carcinogen risk assessment there 
is inadequate information to assess carcinogenic potential of CYN. All the experimental 
results underline the potential danger of this molecule and more studies should be a 
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priority for future research in order to understand its genotoxic and carcinogenic 
potential.   
 
 
Figure 3: Chemical structure of Cylindrospermopsin (CYN).  
 
2.1.3 Neurotoxins: Anatoxin-a, Anatoxin-a(s), Saxitoxins and β-N-
methylamino-L-alanine 
Anatoxin-a (ATX-a) (Figure 4) is a bicyclic alkaloid whose variant, the homoanatoxin-a 
(hATX-a) has a chemical structure varying from ATX-a by the methylation of the carbon 
at the ketone structure. These two compounds show the same toxicological properties 
and are considered two potent neuromuscular blocking agents. ATX-a, in particular, acts 
by binding the acetylcholine receptors at the same position as acetylcholine and affects 
muscle junctions causing uncoordinated muscle contractions, respiratory dysfunctions 
and paralysis28,29. ATX-a is produced by various genera of cyanobacteria including 
Anabaena, Planktothrix and Aphanizomenon30,31. The toxin is water-soluble and not 
stable at pH>10 and under sunlight. After ingestion, the toxin is rapidly absorbed from 
the gastrointestinal tract, distributed to various body tissues including the brain and 
subsequently degraded.  
The toxicity of ATX-a has been estimated at 250–375 µg/kg bw by intraperitoneal (i.p.) 
injection into mice, while the oral Lethal Dose 50 (LD50) is >5000 µg/kg bw. Moreover a 
higher toxiticity has been obtained through intravenous injection (i.v.) of the toxin 
(LD50<60 µg/kg bw)
32,33. The neurotoxin hATX-a shows a similar toxicity to ATX-a with a 
LD50 value around 330 µg/kg bw
34. At present, no No Observed Adverse Effects Level 
(NOAEL) value has been proposed for these two toxins even if a research by Fawell et al. 
(1999) suggested a guide value of 1 µg/L for ATX-a in drinking water29. In Canada, the 
Provisional Maximum Concentration (PMAC) for ATX-a in drinking water is 3.7 µg/L, 
while in New Zeeland the Ministry of Health has set a Provisional Maximum Value (PMAV) 
of 6 µg/L8.   
Concerning the teratogen effects exerted by ATX-a, there are no evidences of fetal 
abnormalities or maternal toxicity after treatment of gravid mice with the toxin. 
Experiments performed on male mice treated intraperitoneally with ATX-a for 7 days 
indicate a toxic effect on testes and sperm counts35. No genotoxic data are available for 
these two toxins.  
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Figure 4: Chemical structure of Anatoxin-a (ATX-a).  
Anatoxin-a(s) (ATX-a(s)) (Figure 5) is a guanidinemethyl phosphate ester that is 
similar in structure to synthetically produced organophosphate-based insecticides. This 
toxin was isolated from the freshwater cyanobacteria Anabaena flos-aquae and its 
production has been associated only with Anabaena strains. The mechanism of ATX-a(s) 
toxicity is the inhibition of acetylcholinesterase activity at the neuromuscular junction 
resulting in a persistent muscle stimulation, paralysis and death due to respiratory 
arrest36.  
There are no structural variants of ATX-a(s). The suffix “(s)” stands for salivation factor 
and refers to a rapid onset of excessive salivation in animals poisoned with ATX-a(s). Its 
high affinity for the human erythrocyte acethylcholinesterase indicates that this toxin 
may represent a possible risk for human health. The ATX-a(s) shows high instability: it is 
inactivated at temperature higher than 40ᵒC and at pH>7. The Lethal Dose 50 (LD50) of 
this molecule is 20-40 µg/kg bw in intraperitoneally injected mice and there are no data 
about oral administration37-39. No mutagenic and genotoxic activities have been observed 
for the ATX-a(s) and only in one study it has been demonstrated to cause chromosomal 
disruptions in human lymphocytes at the high concentration of 0.8 µg/mL. There are no 
guidelines for ATX-a(s) in drinking water but the New Zeeland has established a 
Provisional Maximum Value (PMAV) of 1ug/L for this neurotoxin8.  
 
 
Figure 5: Chemical structure of Anatoxin-a(s) (ATX-a(s)). (Source: National 
Library of Medicine) 
 
Saxitoxins (STXs) (Figure 6) are a family of potent neurotoxins with a chemical 
structure which share tricyclic backbone with different chemical side-chains.  These 
molecules have been identified and characterised in both freshwater cyanobacteria and 
marine dinoflagellates.  
More than 57 congeners have been described. All STXs share the same mechanism of 
action but differ in toxicity, with STX resulting the most toxic40. This molecule binds to 
the voltage sodium channel in neuronal cells with great potency blocking the nervous 
transmission and causing nerve dysfunction with death occurring from paralysis of 
respiratory muscles41,42. It can also inhibit calcium and potassium channels in excitable 
cells thereby affecting the production of action potentials which can cause fatal cardiac 
arrhythmias43,44.   
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Evidences of the bioaccumulation of this toxin in shellfish and molluscs make STXs very 
dangerous especially for animals and human health. The Lethal Dose 50 (LD50) of STXs 
is 10 µg/kg after intraperitoneal injection45. No directives for STXs are reported for 
drinking water but a value of 3 µg STX eq/L is recommended in Australia, Brazil and New 
Zeeland8.  
 
 
Figure 6: Chemical structure of Saxitoxins (STXs).  
 
β-N-methylamino-L-alanine (BMAA) (Figure 7) is a neurotoxic non-protein amino 
acid whose occurrence has been reported in a wide variety of cyanobacterial strains. 
Once in the organism, BMAA acts on motor neurons by fixation on glutamate receptor 
and it is involved in mechanisms inducing oxidative stress46. This toxin has been 
proposed to contribute to neurodegenerative diseases such as Parkinson’s and 
Alzheimer’s because of its ability to cause intraneuronal accumulation of misfolded 
proteins, a characteristic of neurodegenerative disorders3. Experiments in mice suggest 
that the administration of BMAA during the neonatal period causes a cognitive injury in 
adult mice while impaired locomotor ability and hyperactivity have been observed in the 
behaviour of neonatal rats in which the BMAA has been mainly localised in the brain, 
hippocampus, striatum, brainstem, spinal cord and cerebellum47,48.  
The BMAA toxicity is controversial; data obtained in in vivo and in vitro studies underline 
a low toxic potential of BMAA even if this toxin can potentiate neuronal injury induced by 
other insults at concentrations as low as 10 µM49. Overall, however, the paucity of 
available data does not allow to derive a Lethal Dose 50 (LD50) or a No Observed 
Adverse Effects Level (NOAEL) value for this toxin. No guidelines have been suggested 
for BMAA in drinking water.  
 
 
 
Figure 7: Chemical structure of β-N-methylamino-L-alanine (BMAA).  
 
2.1.4 Dermatoxins: Lypopolysaccharide, Lyngbyatoxin, Aplysiatoxin 
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Lypopolysaccharide (LPS) is the main molecular component of the outer membrane 
layer of Gram-negative bacteria where it can act as a first line defence barrier. LPS 
consists of three different domains: a glycolipid portion called Lipid A connected by a 
polysaccharide core region to a glycan with an O-specific polysaccharide. The LPS 
molecules are also part of the outer membrane of cyanobacteria and their structural 
differences respect to the classic Gram-negative LPS seem to be responsible of their 
lower toxicity in comparison to common LPS as demonstrated in experiments both in 
vitro and in vivo50.  
When a pathogen infect the host, the binding between the Gram-negative LPS and the 
Toll-like Receptor 4 (TLR4) which is present on the surface of many immune cells, is 
responsible for eliciting an immune response characterised by the release of cytokines 
and the activation of various cells like monocytes and macrophages51. At present, the 
exact mechanism of action of the cyanobacteria LPS is not known. Many studies have 
tried to understand its biological activity; in addition to the studies suggesting an 
involvement of this molecule in causing allergy or respiratory and skin diseases, the LPS 
isolated from the Oscillatoria planktothrix has shown an antagonist effect on the TLR4-
mediated immune activation51.  
Further studies will be necessary to better understand the biological properties of the 
several cyanobacterial LPSs in order to understand the particular hazards for human and 
environment but similar efforts are also required to better investigate the possible use of 
the LPS isolated from selected cyanobacterial strains in the prevention of anti-
inflammatory diseases. 
There is no much information about the Lethal Dose 50 (LD50) value in mice injected 
with LPS extracts and the few data available indicate a variation between 40 and 190 
mg/kg bw even if in some experiments the mortality of some animals has been reached 
with a value of 250 mg/kg bw52.  
 
Lyngbyatoxin (LT) is an indole alkaloid first isolated in 1912 in Hawaii from the benthic 
cyanobacterium Lyngbya majuscula during an epidemic episode of acute contact 
dermatitis. This cyanotoxin is slightly lipophilic and its penetration as a percentage dose 
in guinea pig and human skin was respectively 23% and 6.2% after one hour of topical 
exposure. This observation indicates that during bathing activity, the body’s exposure to 
the water contaminated with Lyngbya majuscula might cause serious concerns. 
There are three different isoforms of Lyngbyatoxin: A (LTA), B (LTB) and C (LTC)53. The 
isoforms LTB and LTC have 1/200th and 1/20th the activity of LTA (Figure 8) in 
inhibiting the Tumor Promoter 3H-12-O-Tetradecanoylphorbol-13-Acetate (TPA). 
Lyngbyatoxins also act like a tumor promoter by binding to Protein Kinase C (PKC), a 
cellular kinase involved in a wide variety of cellular processes including carcinogenesis, 
differentiation and development54-56.  
The intraperitoneal (i.p.) Lethal Dose 50 (LD50) value in mice for LTA is 250 µg/kg bw. 
No environmental concentration of LT have been assessed yet53. 
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Figure 8: Chemical structure of Lyngbyatoxin A (LTA).  
 
Aplysiatoxin (APX) (Figure 9) is a phenolic bislactone whose intraperitoneal (i.p.) 
Lethal Dose (LD50) value in mice has been reported as 100-120 µg/kg bw
19. It was 
identified in strains of Lyngbya majuscula, in the sea hare Stylocheilus longicauda which 
is known to feed on Lyngbya majuscula and in the red alga Gracularia coronopifolia. 
Aplysiatoxin, as with Lyngbyatoxin (LT), is the causative agent of severe contact 
dermatitis and is a potent tumor promoter which exerts its effects through the activation 
of Protein Kinase C (PKC)57. Environmental concentration of APX have not been explored 
yet. 
 
 
Figure 9: Chemical structure of Aplysiatoxin (APX).  
 
3. Cyanotoxins: effects on human health 
Cyanotoxins have been associated to adverse health effects in humans, which may be 
exposed to these compounds through different routes: oral, inhalation or dermal.  
In a recent review, data collected from year 1800 to present and regarding the incidents 
in humans following the exposure to cyanotoxins, have shown that recreational activities 
are responsible for half of the reported episodes58. The exposure modes to different 
cyanotoxins in recreational settings include the accidental ingestion of contaminated 
water (in particular when cyanobacteria bloom or form scum), the skin-contact with the 
infected waterbodies and the inhalation of aerosolised cyanotoxins.  
Sometimes these exposures have resulted in severe headache, fever, pneumonia, 
vertigo and myalgia11,59. A unique case of death was reported in United States of 
America (USA) where a teenager accidently ingested the water from a golf-course pond 
contaminated with the Anatoxin-a (ATX-a). Although the toxin was detected in his blood, 
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the unusually long time between exposure and death (48h) raised doubts about this 
event60. A recent incidents caused by the exposure to cyanotoxins through recreational 
activities have been described in Argentina; a young jet-skier accidentally had a 
prolonged exposure (approximately two hours) to water contaminated with 
cyanobacteria and few hours later reported nausea, abdominal pain and fever while 
respiratory distress and liver damage were diagnosed some days after the exposure61. 
Inhalation of aerosolised cyanotoxins is another risk for humans. Even if a study 
performed in New Zealand has shown that aerosols collected for 4, 12 and 24 hours 
close to two lakes did not constitute a direct hazard to humans, the aerosolised toxins 
could represent a risk if combined with other exposure sources such as the oral one62.   
Among all the existing cyanobacteria, the marine Lyngbya majuscula has been shown to 
be highly toxic to human health. The toxins released by some harmful varieties of L. 
majuscula have been reported to cause symptoms of rashes, blistering, skin and eye 
irritation not only on exposed area of the body but also on the part covered by the 
swimsuit63. In addition, burning of the upper gastrointestinal tract after ingestion was 
documented64. Some description of allergic responses due to cyanobacteria have also 
been published and they have been associated to the action of Lipopolysaccharide (LPS) 
endotoxins and in particular to the Lipid A, the LPS component considered responsible 
for toxic effects65,66. However, as the Lipid A moiety has not been clarified, at present it 
is not possible to confirm its toxic potential.  
In temperate zones, the chronic exposure to cyanotoxins is improbable while it is higher 
in areas often affected by cyanobacterial blooms. Considering the incidents associated 
with the recreational activities, the World Health Organization (WHO) has defined some 
guidelines in order to protect human health form cyanobacterial blooms. The value of 
200.000 cells/ml has been fixed as a cyanobacterial density corresponding to a low 
probability of adverse effects while the probability of a serious danger for bathers 
ingesting a small volume of water or the cyanobacterial scum has been considered very 
high at densities of about 100.000 cells/ml67.  
Exposure to cyanobacterial toxins through consumption of drinking water has also 
caused human poisonings. In 1990, in Australia, after the addition of copper sulphate to 
cyanobacteria-infested water, 140 children and 10 adults were hospitalised for liver and 
kidney damage68. The etiological agent subsequently identified was the cyanobacterium 
Cylindrospermopsis raciborskii69. Some years later, in Brazil, 2000 cases of 
gastroenteritis and 88 deaths were reported and attributed to a bloom of Anabaena and 
Microcystis in the water supply70.  Another study documented 100 human deaths at Lake 
Embu, in Kenya, attributable to cyanotoxins71. Although there have been reported 
several episodes of human poisonings associated with drinking water contaminated by 
cyanotoxins, at present, the first confirmed and most severe episode in human occurred 
in Brazil when surface waters contaminated with cyanobacteria were used for 
hemodialysis, causing the death of at least 50 people72. 
Most of the studies have not sufficient data to directly correlate harmful effects in human 
with exposure to cyanobacteria, making difficult to evaluate the risk associated to 
cytotoxins. This is also the case of episodes of hepatocellular carcinoma and colorectal 
cancers described in nations like China, United States and Serbia, where the 
consumption of potentially contaminated water with cyanobacteria has been 
hypothesised to be the main cause of the high incidence of tumors in those countries73-
75. In 2006, the International Agency for Research on Cancer (IARC) established that 
there were inadequate epidemiological data in humans for the carcinogenicity of 
Microcystin-LR (MC-LR). However, since there are strong evidences suggesting an 
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involvement of cyanotoxins in tumor promotion, the IARC concluded that MC-LR is a 
possible carcinogen for humans, classifying it as a group 2B carcinogen. 
Cyanotoxins require additional attention also because of the high levels of Microcystins 
(MCs) (sometimes higher than the provisional guidance value) reported in Blue Green 
Algae Supplements (BGAS), food supplements containing blue-green algae and generally 
used as natural products for their supposed beneficial effects such as losing weight 
during hypocaloric diets or elevating mood for people with depression. These BGAS are 
mainly obtained from Spirulina spp. and Aphanizomenon flos-aquae, usually collected 
from the natural environment or artificial ponds where potentially toxic cyanobacteria 
can be present and cause BGAS contamination.  A human fatality regarded a woman 
who died after the chronic consumption of BGAS and the death was probably caused by 
the contamination of BGAS by MCs even if a direct link was not demonstrated in the 
study76. 
Humans can also be exposed to cyanobacteria through the consumption of aquatic 
organisms which can bioaccumulate the toxins in their tissues and transfer them through 
the food web to wildlife and humans. Microcystins are mainly accumulated in the 
hepatopancreas of the shellfish and molluscs while, in fish, they can be predominantly 
detected in viscera. The maximum concentration of MCs in the edible parts of fish, 
crustaceans and mussels has been reported to reach levels of 300, 2700 and 16,000 
µg/kg, respectively11. The European Regulation No. 853/2004* indicates specific hygiene 
rules for the monitoring of toxins (Saxitoxins – STXs-, Amnesic Shellfish Poison –ASP-, 
okadaic acid, yessotoxins and azaspiracids) presence in the bivalve molluscs before their 
placing on the market. The limit value for STX has been set at 800 µg/kg.  
Many cases of intoxication and deaths in humans have been attributed to the ingestion 
of marine organisms infected with STXs, a neurotoxin associated with the disease known 
as Paralytic Shellfish Poisoning (PSP). Every year, more than 2000 cases of human 
poisoning through fish or shellfish consumption are reported worldwide with a mortality 
rate of 15%77. Saxitoxin is one of the most potent marine biotoxin and when ingested in 
high concentration this toxin can induce rapid symptoms ranging from tingling of the 
extremities to respiratory paralysis and death78. The disease outcome depends on the 
timeliness of medical cares including artificial respiration, gastric lavage and fluid 
therapy. When an individual survive 12 hours post-ingestion, all symptoms resolve 
rapidly although it generally takes 24 hours to completely depurate the blood from the 
chemical.  
Consumption of meat could represent an additional way of exposure to cyanotoxins, 
however, data on the accumulation of MCs in livestock (sheep, cow etc.) after ingestion 
of contaminated water reveal that no trace of cyanotoxins are present into milk or 
meat79,80. Instead, with regard to vegetables, studies conducted with water infested with 
blooms or scums and used to water rice, rape and lettuce have showed the presence of 
cyanotoxins in plant extracts. It is important to point out that cyanobacterial cells can be 
removed from vegetables following the washing procedures and that when broccoli were 
irrigated with water containing MCs at a concentration of 1-10 µg/L, corresponding to 
levels typically found in surface water, the toxins were detected only in the roots, not 
therefore endangering human health81. 
 
                                           
* Regulation (EC) No 853/2004 of the European Parliament and of the Council of 29 April 2004 
laying down specific hygiene rules for on the hygiene of foodstuffs. 
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4. Methods for detection of cyanobacteria and cyanotoxins in 
environmental samples 
 
4.1 Microscopy analysis  
Microscopy analysis have been traditionally employed for the monitoring of 
cyanobacterial communities in waterbodies. Their use enables the taxonomic analysis of 
microorganisms present in a cyanobacterial bloom and the assessment of cyanobacterial 
relative abundance in a water ecosystem. The main disadvantage of this technique is the 
impossibility to distinguish between toxic and non-toxic cyanobacteria, not allowing the 
risk assessment of a bloom. 
 
4.1.1 Cell counting 
Cyanobacteria bloom monitoring is often performed by microscopy analysis. 
Epifluorescence and inverted light microscopy (Figure 10), using sedimentation chamber, 
are the most recurrent methods. Epifluorescence analysis of samples stained with 
selective dyes allows identification and quantification of cyanobacteria species and 
discrimination between autotrophic and heterotrophic cells. Autotrophic cells, namely 
cyanobacteria, can be analysed according to Haas method, using proflavine dye at 
0.25% (w/v)82. Heterotrophic cells can be analysed using Hobbie’s method, where 
orange acridine orange at 1% (w/v) is the suggested dye83. Epifluorescence based 
analysis requires immediate sample fixation, with glutaraldehyde at 2% (v/v), and 
processing within 24 hours. Sample preparation comprises staining of samples directly in 
dark membrane filters. Samples must be treated and preserved in dark, having a life 
spam quite short when exposed to light sources, but can be stored at -20˚C, for long 
periods, until analysis. Autotrophs are counted using green light source (515 to 560 nm) 
while for heterotrophs is required a blue light source (420 a 490 nm). Assuming a 
homogeneous distribution of the cells, a total of 20 fields must be analysed, including a 
minimum of 200 cells, to warrant representativeness84. The density of each organism 
(cell.L-1) is calculated based on the number of specific cells counted per microscope field 
area and sampled volume. Inverted light microscopy, using sedimentation chamber, 
allows determination of phytoplankton community relative abundance. This method is 
used for analysis of phytoplanktonic communities both in fresh and seawaters. The 
standard method for identification of phytoplankton using sedimentation chambers was 
presented in 1958 by Utermöhl and is still part of national monitoring programs85,86. 
Samples used for inversion microscopy analysis can be long preserved in dark conditions 
using Lugol-based solutions, such as acid Lugol87, in dark conditions. Samples are 
allowed to sediment for 24 hours before analysis. Similarly to the quantification by 
epifluorescence microscopy, 20 fields or a minimum of 200 cells should be counted for 
representativeness. This method allows identification of organisms to the genus, or even 
species, by specialised technicians. Relative abundance of specific cell groups or species, 
in cells per mL, is also determined according to the target organisms’ amount per 
analysed area and sample volume. The preferential magnification used is not suitable for 
analysis of small cells, reason for which epifluorescence methods are more accurate for 
identification and quantification of cyanobacteria. On the other hand, inversion 
microscopy uses higher sample volumes being representative of the total 
phytoplanktonic community.  
Both techniques have the disadvantage of inaccuracy. Optical microscopy has a 
resolution limit of 200 nm, which difficult the identification of small cells. The presence of 
dense colonies may give inaccurate cell estimations as well as non-homogeneous 
distribution of the cells. Heterogeneous distribution of cells promotes biased estimation 
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of cell abundance. On the other hand, aggregation state of some cyanobacterial colonies, 
namely Microcystis, does allow its identification at species level, based on morphology88. 
Moreover, microscopy analysis does not allow identification of toxic species or prediction 
of blooms toxic potential. 
Other methods, such as flow cytometry, can be used for phytoplankton analysis. Flow 
cytometry has higher sensitivity than the microscopy approach. This application allows 
the identification of smaller cells without, however, giving any taxonomic information 
about the organisms present in a cyanobacterial bloom89. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Microcystis and Merismopedia colonies. Microcystis (A) and 
Merismopedia (B) colonies present in a water sample and visualised with an inverted 
light microscope. (Image courtesy of Chiara Facca) 
 
4.2 Physicochemical Methods 
Physicochemical parameters including weather, nutrients availability or presence of 
photopigments can be used to evaluate the growth condition of phytoplankton in 
waterbodies90. The weather seems to have an impact on blooms promoting their 
manifestation through the modification of the seasonal patterns. The effects of climate 
variations include warming of air and water which added to the input of nutrients in 
waterbodies concur to increase the incidence of blooms. Photopigments are differently 
distributed among the planktonic community providing valuable information on the 
relative abundance of different organisms in an ecosystem (Table 2). Phytoplankton 
community dynamics can be assessed by pigments quantification both through 
spectrophotometry or fluorometry. Bloom-driven parameters including radiation, water 
temperature, pH, salinity and dissolved oxygen can be assessed in situ by multi-
parametric probes. 
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Table 2: Photosynthetic pigments distribution among potentially toxic 
phytoplanktonic phyla (adapted from Dring, 1992 and Fietz et al., 200491,92) 
Phylum Accessory pigments 
Cyanobacteria Chlorophyll a, phycocyanin, phycoerythrin 
Bacillariophyta Chlorophyll a, chlorophyll c, fucoxanthin 
Dynophyta Chlorophyll a, chlorophyll c, diatoxanthin, 
diadinoxanthin, peridinin 
 
 4.2.1 Pigments quantification by fluorometry and spectrophotometry 
Pigments quantification can be used to determine phytoplankton abundance in water 
samples by chlorophyll a analysis. Chlorophyll a is frequently analysed in limnology. This 
pigment is present in many organisms and therefore is a good indicator of total 
autotrophic phytoplankton91,92. It can be extracted in methanol or acetone and quantified 
by fluorometry. Chlorophyll a quantification by fluorometry, usually expressed in µg/L, is 
determined by the signal frequency at a specific emission wavelength. Quantification is 
based on a calibration curve built at different concentration of chlorophyll a, previously 
quantified by spectrophotometry93. Incomplete extraction, presence of other pigments or 
degradation products are some of the possible technical errors to account for in this 
method. Quantification of chlorophyll a based on acidification methods is also known to 
be misleading in the presence of chlorophyll b, requiring exhaustive sample preparation 
in order to remove the contaminant pigment94. Furthermore, the analysis is constrain by 
the amount of collected samples. 
Pigments quantification can be assessed in situ using multi-parametric probe analysis 
and compared to benchtop analysis, allows to obtain a more exhaustive set of data along 
the entire water column. Such methods are based on the on-line analysis of pigments 
achieved through fluorometric sensors which are available for quantification of 
chlorophyll a and cyanobacteria-specific pigments (phycocyanin and phycoerythrin). 
Phycocyanin is the most dominant accessory pigment of freshwater cyanobacteria 
species while phycoerythrin dominates in marine ecosystems. Such pigments can be 
analysed in real time allowing the estimation of total cyanobacteria biomass95,96,97. Real-
time quantification of pigments can overcome the false low quantification due to vertical 
migration of cyanobacteria on the water column reducing as well the length of analysis, 
the use of chemical substances and the improvement of detection specificity for 
cyanobacteria, both in freshwater and drinking water. Similarly to the determination of 
chlorophyll a, the pigment concentration per cell is variable and linked to the species and 
stage of the cell cycle. In situ analysis also poses limitations, like the presence of 
suspended material or the lack of calibration standards98.                                                                                                                             
Spectrophotometric quantification of pigments can be performed according to different 
methodologies. It can be based on the relative absorbance intensity at a specific 
wavelength93. Similarly to fluorometry, this technique is influenced by the presence of 
other pigments93. Spectrophotometric analysis of pigments reveals lower sensitivity, 
however it is a fast and straightforward method. 
 
4.2.2 Other parameters 
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Physicochemical parameters such as radiation, water temperature, pH, salinity and 
dissolved oxygen are used to evaluate the growth conditions of phytoplankton in 
waterbodies90.  
Water temperature and oxygen give an indication of the water column stratification 
which were shown to be correlated with the cyanobacteria blooms99,100. Limiting 
nutrients for phytoplankton growth such as nitrogen and phosphate could be an indicator 
of blooms. These parameters can influence the eutrophication process, an important 
problem in aquatic ecosystems caused by an excess input of nutrients which have been 
shown to contribute to the bloom events3,101.  
Multi-parametric probes represent the most frequent way to analyse the series of 
physicochemical parameters. These probes, when regularly maintained, allow accurate 
long-term analysis as well as data reliability. For a deeper investigation, additional 
sensors for chemicals (chloride, nitrate and ammonia) and pigments detection can be 
coupled. 
 
4.3 Molecular-based methods 
Microscopy techniques have always allowed to identify and quantify cyanobacterial 
species, however their main disadvantage is the impossibility to distinguish toxic from 
nontoxic cyanobacteria. In addition, these approaches require a significant expertise in 
taxonomy. The specificity, reliability and speed of molecular methods could overcome 
these limitations providing data about the detection and quantification of cyanobacteria 
and the toxins encoding genes.  Due to the high sensitivity of molecular based 
techniques, they enable the early warning of toxic cyanobacteria in water which can be 
detected long time before the manifestation of cyanobacterial blooms, so representing a 
useful monitoring method. These molecular approaches include the Polymerase-Chain 
Reaction (PCR), the quantitative Real-time Polymerase Chain Reaction (qPCR) and the 
Desoxyribonucleic Acid (DNA) Microarray (DNA chips). 
 
4.3.1 Polymerase-Chain Reaction (PCR) 
The conventional Polymerase-Chain Reaction (PCR) is a widespread technique usually 
used to detect the expression of a gene by using primer pairs that target a specific 
sequence (Figure 11). Concerning the cyanobacteria, a first reaction is usually performed 
to identify their presence in the water samples. This is commonly achieved by amplifying 
the 16S ribosomal Ribonucleic Acid (rRNA), a gene generally used for the identification of 
prokaryotes102. In the case of cyanobacteria, the primers have been designed to target 
properly the 16S conserved region and the result is the exponential amplification of the 
gene of interest that can be easily visualised on the agarose gel. The PCR is also widely 
used to identify toxins-producing cyanobacterial genera. Most of the primers developed 
so far have been designed for targeting the Microcystin (MC) gene cluster (mcy) but the 
toxicological evaluation of these microorganisms includes all the main cyanotoxins, 
nodularins, cytotoxins and neurotoxins thus making the PCR a technique broadly used in 
toxins detection studies102,103. In addition to the conventional PCR which analyse one 
single gene per reaction, the most recent multiplex PCR enables to amplify more than 
one sequence in a single test run104. This PCR approach has been used to simultaneously 
identify different genes associated with Cylindrospermopsin (CYN) production or to 
distinguish MC-producing from non-producing Microcystis strains105,106. For this purpose, 
specific primers have been used to amplify different segments of the MC synthetase mcy 
cluster during the same reaction106. The multiplex PCR has been also used to target the 
16S rRNA and the locus mcyA in order to identify the contamination of dietary 
supplements with the toxic Microcystis107. In the light of this, the multiplex PCR may be 
considered a valid method to give an immediate indication on the toxic potential of 
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cyanobacterial blooms which may represent a useful information in monitoring 
waterbodies by local authorities.  
 
 
 
Figure 11. Schematic representation of the Polymerase-Chain Reaction (PCR) 
technique. During a PCR reaction, the Desoxyribonucleic Acid (DNA) is first denatured 
and subsequently, if the gene of interest is present in the environmental sample, the 
primers can bind to the end of the target sequence and act as a trigger to enable the 
Taq Polymerase to syntethise the complementary strand. Each PCR cycle doubles the 
quantity of the specific sequence and after 30-40 cycles the total amount of the 
amplified product can be analysed and used for other experimental procedures.     
 
4.3.2 Quantitative Real-time Polymerase Chain Reaction (qPCR) 
The quantitative Real-time Polymerase Chain Reaction (qPCR) is a technique based on 
the amplification of a specific gene sequence and the quantification of the reaction 
product in gene copy numbers. Compared to the conventional Polymerase-Chain 
Reaction (PCR), qPCR is a quantitative method and is much more sensitive with a 
detection limit of 8.8 cells per millilitre of Microcystis spp. and 258 cells per millilitre of 
Cylindrospermopsis raciborskii108,109. This technique allows the detection and 
quantification of cyanobacteria-specific 16S Ribosomal Ribonucleic Acid (rRNA) genes, 
such as Mycrocystis-specific rRNA gene. The presence of toxic cyanobacteria cells in 
water samples has been reported in a study where the abundance of toxic Microcystis 
has been investigated in western Lake Erie using primers highly specific for that 
conserved gene region110. The qPCR is also used to detect toxins produced by 
cyanobacteria, even if most of the protocols are just related to a restricted number of 
toxins such as Microcystins (MCs)102,111,112. Using the qPCR approach, the detection of 
the genetic fragment of interest is determined by the increasing amount of the specific 
sequence, amplified exponentially every cycle while the quantification of fluorescent 
molecules allows indirect determination of the amount of target sequences (Figure 12). 
Notwithstanding the considerable advantages, the qPCR has some limitations among 
which the reduction of the amplification efficiency with the increase in length of the 
reaction product. In addition, the presence of an amplified toxin-encoding gene does not 
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always correspond to the transcription and translation of the product by cyanobacteria. 
For this reason, qPCR data need to be integrated and validated with other methods like 
chemical and biochemical techniques. 
 
 
 
Figure 12. Schematic representation of the quantitative Real-Time Polymerase 
Chain Reaction (qPCR) method. The qPCR implies the use of short sequences 
(primers) which target specific microorganisms or group of microorganisms. In the left 
panel, the Desoxyribonucleic Acid (DNA) sequences of cyanobacteria are represented in 
green. Universal primers targeting the cyanobacteria-specific 16S Ribosomal 
Ribonucleic Acid (rRNA) will anneal exclusively with that specific sequence, giving a 
positive (fluorescent) signal during the analysis. On the other hand, DNA from other 
organisms, such as bacteria (in purple), diatoms (in blue), green algae (in orange) or 
dinoflagellates (in red), will not anneal and, consequently, no fluorescence signal will be 
recorded upon qPCR analysis (negative sample). (Image courtesy of Teresa Lettieri) 
 
Two different methods are usually used for PCR quantification: SYBR Green and TaqMan 
(Figure 13)113,114.  
SYBR Green was the first method developed for quantitative PCR analysis. It consists of 
a fluorescent molecule able to intercalate double stranded Desoxyribonucleic Acid (DNA). 
In this case the primer sets are designed as the ones for classic PCR analysis, amplifying 
regions higher than 100 nucleotides. A disadvantage of this process could be the 
unspecific binding which may occur during amplification.  
In the TaqMan system a third short sequence, called probe, is added to the sample. This 
probe is complementary to a sequence located within the primers and contains a 
fluorophore at the 5’ and a quencher at 3’ ends. The quencher acts as a fluorescent 
suppressor when near the dye. Once the polymerase hydrolyses the probe sequence, 
during de novo synthesis, the quencher-fluorophore distance increases and the 
fluorescent signal can be detected. The amplicon is shorter in this system, below 100 
nucleotides, and is highly specific. 
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Figure 13. TaqMan and SYBR Green Real-time Polymerase Chain Reaction 
(qPCR)-based assays. A) De novo synthesis (in grey) occurs when the Taq 
Desoxyribonucleic Acid (DNA) polymerase (in red) binds to a double stranded region, 
made by the denaturated template sequence (in black) and the specific primer (in blue). 
SYBR Green I dye (in green) has low fluorescence signal in solution although it increases 
once it binds to a double stranded DNA sequence. Dimerization of primers or formation 
of loops can promote false readings. The signal intensity is directly proportional to the 
quantity of amplicons, increasing at each extension cycle. B) TaqMan probes (in green) 
are short nucleotide sequence with a reporter (R, in yellow) and a quencher (Q, in blue) 
placed in opposite extremities. The quencher masks the fluorescent signal of the 
proximal reporter. The Taq DNA polymerase (in red) extends the primer until it reaches 
the probe position. The polymerase has exonuclease activity which hydrolyses the probe 
(in green) from 5’ to 3’, releasing the reporter. The detachment of the reporter increases 
the fluorescence signal. (Image courtesy of Teresa Lettieri) 
 
4.3.3 Microarray  
Microarray is a technique used to make a screening of gene expression on a genomic 
scale. The gene profile is analysed in a quickly and efficient manner by using a chip, a 
solid surface on which are located many spots, each containing picomoles of a specific 
Desoxyribonucleic Acid (DNA) sequence, defined as probes. The hybridisation of labeled 
targets to the probes provide quantitative information on the relative abundance of 
nucleic acids in the sample (Figure 14)115. This technique can be adopted to perform 
gene expression analysis by using as target the Ribonucleic Acid (RNA) properly 
retrotranscribed into Complementary Desoxyribonucleic Acid (cDNA) or to identify 
genetic variations such as Single Nucleotide Polymorphisms (SNP) or mutations. In this 
case the starting sample is the genomic DNA. The advantage of the microarray approach 
is the possibility to simultaneously analyse the expression of a large number of genes 
thus making the microarray a good tool for high throughput analysis. The use of 
microarray for the study of cyanobacteria is reported in a paper where the authors have 
designed a chip containing 16S ribosomal Desoxyribonucleic Acid (rDNA) probes. This 
array has been useful to detect different strains of cyanobacteria: Phormidium, 
Microcystis, Planktothrix, Anabaena, Aphanizomenon and Nostoc in eight Norwegian 
lakes116. The DNA-chip method has been also developed to detect simultaneously the 
Microcystin (MCs) (mcyE) and Nodularin (NOD) synthetase genes (ndaF) expressed by 
five hepatotoxin-producing cyanobacteria genera: Anabaena, Microcystis, Planktothrix, 
Nostoc and Nodularia117. In addition, a technology combining the immobilisation of 16S 
rDNA probes specific for five cyanobacterial genera (Anabaena spp., Microcystis spp., 
Nostoc spp., Oscillatoria spp., and Synechococcus spp.) with the magnetic-capture 
hybridisation technique (MAG-microarray) which uses Bacterial Magnetic Particles (BMP) 
has allowed identification of cyanobacteria above mentioned118. Even if the use of 
microarray for the detection of cyanobacteria diversity is quite recent, this method 
shows the great potential to rapidly identify toxic organisms, to perform a large-scale 
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screening of microbial communities and provide instantaneous information on 
cyanobacterial biomass. Despite high costs involved in the use of this method, it may be 
adopted as a great monitoring strategy to forecast cyanobacterial blooms. 
 
 
Figure 14. Schematic representation of the Microarray technique. Starting from 
an environmental sample, the Desoxyribonucleic Acid (DNA) of interest is amplified, 
fluorescently labelled and hybridised to a microarray chip. When the target sequence 
recognises the probes immobilised on the chip surface, a fluorescent hybridisation signal 
can be visualised, so providing information about the detected genes and their levels of 
expression. 
 
4.4 Biochemical-based methods 
Biochemical methods represent an easy and cost-effective approach for rapid monitoring 
of cyanotoxins concentration. Among these techniques, the two most commonly used 
are the Enzyme-Linked Immunosorbent Assay (ELISA) and the Protein Phosphatase 
Inhibitor Assay (PPIA). Their application in cyanotoxin detection is complementary to 
other approaches such as molecular based methods and provides a confirmation on the 
toxins presence in waterbodies.  
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4.4.1 Enzyme-Linked Immunosorbent Assay (ELISA) 
The Enzyme-Linked Immunosorbent Assay (ELISA) is an antibody based assay which can 
be either monoclonal, specific for a certain molecule variant, or polyclonal, recognising 
several types of molecules119,120. Enzyme-Linked Immunosorbent Assays are rapid, 
sensitive, and a low level of expertise is required. They are useful as primary 
quantitative screening tools with limits of detection around 0.1 μg/L, but they are 
susceptible to interferences that limit their use for quantitative analyses. Antibodies have 
been generated with variable cross-reactivities against one of the Microcystin (MC) 
variants, the Microcystin-LR (MC-LR) and successfully used to determine the MC content 
of environmental samples. Also commercial kits are available for determining MCs in 
water samples and to quantify other toxins like Nodularin (NOD), Cylindrospermopsin 
(CYN), Saxitoxin (STX) and β-N-methylamino-L-alanine (BMAA)103,120-123. Enzyme-Linked 
Immunosorbent Assay tests can be made both with freshly collected and preserved 
samples, allowing to detect both extracellular and intracellular toxins released in the 
supernatant and guaranteeing both flexibility and cost reduction. The Figure 15 shows in 
a schematic way one example of the ELISA assay: the competitive direct ELISA. 
 
Figure 15. Schematic representation of the Enzyme-Linked Immunosorbent 
Assay (ELISA) technique. In the ELISA test, the antibodies are first immobilised on a 
96-well plate. When the environmental sample is added to the plate, antigens present in 
the supernatant can bind to the specific antibodies. After the excess of protein is washed 
away, the enzyme-linked secondary antibody can itself recognise the protein. The 
subsequent addition of the substrate converts the enzyme into coloured product. The 
intensity of the colour formation is proportional to the amount of protein contained in the 
sample. 
Table 3 summarises the ELISA methods for the detection of MCs, NODs and STXs 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
29 
Table 3: Enzyme-Linked Immunosorbent Assay (ELISA) methods for the 
analysis of cyanotoxins 
Cyanotoxin 
Detection 
limit 
(μg/L) 
Extraction / 
sample 
preparation 
Location Reference 
Microcystins 
Nodularin 
1 n.a. 
Drinking 
water 
124 
Microcystins 
Nodularin 
Not given 
Filtration and 
sonication 
Freshwater 
and brackish 
water 
(Finland) 
125 
Microcystin 
LR 
Not given Sonication; SPE 
Lake water, 
China 
126 
Microcystins Not given Lyophilisation 
Lake water, 
New 
Zealand 
127 
Saxitoxin n.a. 
Solid phase 
adsorption toxin 
tracking (SPATT) 
Coastal 
waters 
(California, 
USA) 
128 
Saxitoxin 0.02 µg/L n.a. 
Arctic 
freshwater 
ecosystems 
129 
Microcystins 0.12 n.a. 
Tap and 
drinking 
water 
(China) 
122 
Microcystins Not given Filtration 
Constance 
Lake, 
Canada 
130 
Microcystins 
Nodularin 
0.1 n.a. 
Surface and 
drinking 
waters 
(Greece) 
123 
Microcystins 
in water and 
mussels 
0.1 µg Lyophilisation 
Puget Sound 
estuary, 
USA 
131 
Microcystins 
in water, 
sediment, 
fish, and 
bloom 
Not given 
Water: SPE (C18) 
Fish: Lyophilisation 
Sediment: 
Lyophilisation 
Lake Eğirdir 
(Turkey) 
132 
Microcystin 
LR in clams 
0.1 ng/mL SPE 
Coastal 
ponds 
(Sardinia; 
Italy) 
133 
Microcystins 0.05 n.a. 
River 
Ganga, 
India 
134 
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4.4.2 Protein Phosphate Inhibition Assay (PPIA) 
Since Microcystins (MCs) and Nodularins (NODs) are potent inhibitors of protein 
phosphatase, these toxins can be detected using a biochemical Protein Phosphatase 
Inhibition Assay (PPIA), which is a simple, rapid, sensitive and reproducible colorimetric 
method135. Inhibition of eukaryotic protein phosphatases is an established assay as an 
indicator of toxin concentration. Measurements are made using (a) radio-isotopic 
techniques based on 32P radiolabelled substrates and (b) colorimetric assays based on 
substrates such as p-nitrophenyl phosphate121,136,137. The former method is dependent 
on radiolabelled proteins and therefore, not suitable for routine monitoring90. Before 
incubation with the relevant substrate, the enzyme is exposed to an aliquot of the 
sample containing the toxin. Measuring the absorbance of the mixture at a specific 
wavelength allows the detection of the substrate (or its transformation product) and the 
assessment of the enzyme activity, which is inversely proportional to the concentration 
of the toxin. According to the method employed, PPIA can ensure toxin detection within 
a few hours for a large number of samples. Such procedure allows the quantification of 
Microcystin-LR (MC-LR) with a detection limit reaching 0.01 µg/L135. However, PPIA 
cannot distinguish co-occurring variants of MCs and cannot distinguish MCs and NODs. 
Therefore, results are often expressed as equivalent MC-LR/L. In addition, when 
analysing bloom-containing water, interferences with unknown compounds leading to 
overestimation or underestimation of toxin concentration should be considered. 
Moreover, since PPIA detects only MCs and NODs, further analysis should be undertaken 
to detect other cyanotoxins potentially occurring in the sample3. Depending on the class 
of MCs, the PPIA shows different sensitivities to different classes of toxin, it provides a 
measure of relative toxicity and an identification of the toxins is not 
possible3,121,127,135,136,138. A commercially available PPIA test in 96-well microplate format 
is available139. 
Table 4 shows the analytical PPIA methods for the determination of MCs and Nodularin. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4: Protein Phosphatase Inhibition Assay (PPIA) methods for the analysis 
of Microcystins (MCs) and Nodularins (NODs) 
Cyanotoxin Detection Extraction / Location Reference 
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limit sample 
preparation 
Microcystins 
 
0.2 Freeze drying Australia 136 
Microcystins 
Nodularin 
Not given SPE with C18 
Lake water 
(Ireland) 
140 
Microcystins 0.2 Lyophilisation 
Lake water, 
New 
Zealand 
127 
Microcystins 
 
0.01 n.a. 
Water 
supply 
reservoirs in 
Belo 
Horizonte 
(Brazil) 
135 
Microcystins 
 
0.2 n.a. 
Surface and 
drinking 
waters 
(Greece) 
123 
Microcystins 
Nodularin 
Not given n.a. 
Lake 
Marathonas 
(Greece) 
139 
Microcystins 
(variants) 
Not given Freeze drying 
Lake des 
Oiseaux, 
Algeria 
141 
 
4.5 Chemical methods 
The chemical methods used for determining cyanotoxins in waters are mostly liquid-
based separations (High Performance Liquid Chromatography - HPLC) combined with an 
Ultraviolet (UV), fluorescence or mass spectrometric detector. However, identification 
based on UV absorbance or fluorescence alone is not sufficient because of the presence 
of other compounds with similar absorbance spectra (lack of specificity). Today, Nuclear 
Magnetic Resonance (NMR) and several different mass spectrometric techniques like 
Triple Quadrupole Mass Spectrometry (LC-MS/MS), Matrix-Assisted Laser 
Desorption/Ionisation Time-of-Flight (MALDI-TOF) MS, and Liquid Chromatography - 
Time-of-Flight (LC-TOF) MS with high sensitivity and selectivity for the unequivocal 
identification and quantification of different cyanotoxins are available. The chemical 
techniques usually used to analyse cyanotoxins are described in the following 
paragraphs. Microcystins (MC) and Nodularin (NOD) are among the most studied 
cyanotoxins in the chemical field, while no publications about the chemical analysis of 
Lipopolysaccharide, and Aplysiatoxin could be found in the literature.  
 
 
 
4.5.1 Chemical analysis in water 
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4.5.1.1 High-performance Liquid Chromatography (HPLC) – Ultraviolet (UV) 
In Liquid Chromatography (LC) the cyanotoxin analytes are chromatographically 
separated by a liquid under high pressure in the LC columns which are packed with very 
small particles (2–50 µm in size). Ultrahigh Pressure (or performance) LC (UHPLC) uses 
even smaller particles (sub 2 µm) and smaller columns leading to faster analysis with 
higher separation efficiency. High Performance Liquid Chromatography coupled with a 
Photodiode-Array (PDA) detector for Ultraviolet (UV) absorbance was in the past the 
most commonly used technique for analysing cyanotoxins with the UV absorption 
maxima of Microcystins (MCs) between 222 and 238 nm130,142,143.  
Microcystins can be separated using both gradient elution and isocratic mobile phases; 
although a wider range of toxin variants can be resolved when a gradient is employed144. 
Usually Reversed-Phase (RP) HPLC is used but very polar substances such as Saxitoxins 
(STXs) or β-N-methylamino-L-alanine (BMAA) are better separated by Hydrophilic 
Interaction Liquid Chromatography (HILIC)145-149. Today, RP-HPLC is, in contrast to 
normal-phase HPLC, due to its wide applicability to many different substances the most 
often applied HPLC method.  
In normal-phase liquid chromatography, the stationary phase is more polar than the 
mobile phase. The retention increases as the polarity of the mobile phase decreases, and 
thus polar analytes are more strongly retained than nonpolar ones. The opposite 
situation occurs in reversed-phase liquid chromatography where the separation is based 
on both adsorption and partition chromatography. The stationary phase (column) used in 
RP-HPLC is based on modified silica gel to which hydrophobic alkyl chains (mainly C18) 
are attached. In contrast, HILIC is a variant of normal-phase HPLC that partly overlaps 
with other chromatographic applications such as ion chromatography and reversed 
phase liquid chromatography. Hydrophilic Interaction Liquid Chromatography uses 
hydrophilic stationary phases with reversed-phase type eluents and provides an 
alternative approach to effectively separate small polar compounds on polar stationary 
phases150.  
However, identification based on UV absorbance alone is not sufficient because of the 
presence of other compounds with similar absorbance spectra. The diode-array detector 
lacks specificity for cyanotoxins and is prone to interferences from other analytes. In 
addition, the lack of standards for many MC variants makes identification difficult, 
therefore results are generally expressed as Microcystin-LR (MC-LR) 
equivalents90,140,143,144. 
Table 5 summarises the HPLC-UV/PDA methods for the analysis of cyanotoxins. 
 
 
 
 
 
 
 
Table 5: High Performance Liquid Chromatography coupled with a Photodiode-
Array (HPLC-UV/PDA) methods for the analysis of cyanotoxins 
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Cyanotoxin 
Detection 
limit 
Extraction / 
sample 
preparation 
Location Reference 
Microcystins n.a. n.a. 
No real 
samples 
143 
Microcystins 
Nodularin 
n.a. 
Filtration and 
sonication 
Freshwater 
and brackish 
water 
(Finland) 
125 
Microcystin- 
LR 
n.a. Sonication; SPE 
Lake water, 
China 
126 
Microcystins 
Nodularin 
n.a. SPE with C18 
Lake water 
(Ireland) 
140 
Anatoxin-a n.a. Freeze drying 
Biofilms in 
La Loue 
River 
(France) 
151 
Microcystins n.a. Filtration 
Constance 
Lake, 
Canada 
130 
Microcystins 
in water, 
sediment, 
fish, and 
bloom 
n.a. 
Water: SPE (C18) 
Fish: Lyophilisation 
Sediment: 
Lyophilisation 
Lake Eğirdir 
(Turkey) 
132 
 
4.5.1.2 Liquid Chromatography-Mass Spectrometry (LC-MS) 
Today Liquid Chromatography-Mass Spectrometry (LC-MS) with electrospray ionisation, 
which was developed 20 years ago, is due to its high sensitivity and selectivity the 
standard method for the detection, identification and confirmation of cyanotoxins in 
environmental samples. Liquid Chromatography - Mass Spectrometry is a powerful 
analytical chemistry technique that combines the physical separation capabilities of LC 
(or High-Performance Liquid Chromatography - HPLC) with the mass analysis capabilities 
of Mass Spectrometry (MS). Mass Spectrometry works by ionising chemical compounds 
to generate charged molecules or molecule fragments and measuring their mass-to-
charge ratios (m/z). The ions are separated according to their mass-to-charge ratio in an 
analyser by electromagnetic fields, and the ion signal is processed into a mass spectra. 
Liquid Chromatography - Mass Spectrometry enables the simultaneous separation and 
identification of cyanotoxins in a mixture. Single quadrupole MS analyses only the 
molecular ions (m/z) of the target molecules and therefore is less selective than triple 
quadrupole MS.  
The analysis of Microcystins (MCs), Nodularin (NOD), and Cylindrospermopsin (CYN) by 
the different LC-MS techniques is relatively easy and straightforward. Many different 
studies and applications have been published (see Tables 6).   
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Saxitoxins (STXs) are highly polar compounds presenting numerous isomers, and 
therefore their analysis is difficult. The toxicity of the different analogues can vary 
depending on the chemical functional groups they present. Analysis has been performed 
by Enzyme-Linked Immunosorbent Assay (ELISA) (Table 3) or different LC-MS methods 
to detect, identify and differentiate the isomers128,129 (see Tables 6).    
Analysis of Anatoxin-a (ATX-a) is difficult due to its rapid decay. Chromatographic 
methods coupled with Ultraviolet (UV) spectroscopic detection are not sensitive enough, 
and necessitate derivatisation to improve their detection limits. The coupling with MS 
allows for better sensitivity and selectivity; however the essential amino acid 
phenylalanine (PHE) is an isobaric interference (with a similar molecular weight) in MS 
detection of ATX-a (m/z 166). Multiple options have been described by Furey et al. 
(2005) to remove this interference: (i) derivatisation of ATX-a and PHE with 4-fluoro-7-
nitro-2,1,3-benzoxadiazole to alter significantly the compounds’ chromatographic 
behaviour, (ii) selective methylation of PHE with diazomethane prior to LC-MS analysis, 
or (iii) use of other MS techniques such as hybrid Quadrupole Time-Of-Flight (QqTOF) or 
Quadrupole Ion-Trap (QIT) providing respectively higher mass resolution or intrinsic 
mass fragmentation pathway152. Otherwise, sufficient chromatographic resolution of PHE 
from ATX-a, without derivatisation, can be achieved with HPLC or Ultrahigh Pressure 
Liquid Chromatography (UHPLC)30,151,153-155. Single quadrupole LC-MS is not able to 
distinguish between ATX-a and PHE30.  
Analysis of β-N-methylamino-L-alanine (BMAA) is difficult because of its small molecular 
structure. Only few studies have addressed the methods necessary for an accurate 
determination of this cyanotoxin in environmental samples. Liquid chromatography is 
better performed by Hydrophilic Interaction Liquid Chromatography (HILIC)156-159. 
Banack et al. (2007) described five different analytical methods to detect BMAA in 
marine cyanobacteria including HPLC with fluorescence, UV, and MS detection (LC-MS 
and triple quadrupole LC-MS/MS)160.  
Table 6 gives some selected single-quadrupole LC-MS methods for the analysis of 
cyanotoxins. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6: Liquid Chromatography single quadrupole Mass Spectrometry (LC-MS) 
methods for the analysis of cyanotoxins in water 
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Cyanotoxin 
Detection 
limit 
Extraction/ 
sample 
preparation 
Location Reference 
Anatoxin-a 
0.0021 
µg/L 
SPE disk;       
on-line pre-
column 
derivatisation 
Freshwaters 
(Japan) 
161 
Microcystins 
 
1 µg/g 
Matrix solid-
phase 
dispersion 
MCs in 
natural water 
blooms and 
cyanobacteria 
strain 
cultures 
(Spain) 
162 
Microcystins 
Anatoxin-a 
Cylindrospermopsin 
Saxitoxins 
n.a. Lyophilisation 
Scum 
forming 
bloom 
samples from 
Coolmunda 
Dam (South-
east 
Queensland; 
Australia) 
145 
BMAA (HILIC 
chromatography) 
5 ng 
Cation-
exchange resin 
n.a. 
156 
 
4.5.1.3 Liquid Chromatography-Triple Quadrupole Mass Spectrometry (LC-
MS/MS) 
Liquid Chromatography - Triple Quadrupole Mass Spectrometry (LC-MS/MS) allows due 
to its excellent sensitivity and selectivity the unequivocal identification and quantification 
of different and also unknown toxins in environmental samples. Specific daughterons are 
formed in a collision cell from the precursor molecular ion and these MS/MS transitions 
are detected.  
A characteristic fragment ion common to most Microcystins (MCs) and Nodularin (NODs) 
is m/z 135 (derived from the side chain ADDA)155,163-168.  
Even though Cylindrospermopsin (CYN) has a different molecular structure than the MCs 
and NODs, it is usually analysed together with these cyanotoxins by LC-MS/MS by 
applying the specific MS-MS transitions m/z 416 > 336, 274, 194155,165,169,170. No other 
analytical methods were found in the literature for CYN.  
The specific MS/MS transitions for the detection of Anatoxin-a (ATX-a) are m/z 166 > 
149, 131, 107, and 91153-155.  
Saxitoxins (STXs) are detected with the specific MS/MS transitions m/z 300 > 282, 
204145.  
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Faassen et al. (2012) compared High Performance Liquid Chromatography (HPLC)-
fluorescence analysis of β-N-methylamino-L-alanine (BMAA) with LC-MS/MS analysis of 
both derivatised and underivatised samples and found out that HPLC-fluorescence 
overestimated BMAA concentrations in some cyanobacterial samples due to its low 
selectivity171. Therefore, only selective and sensitive analytical methods like LC-MS/MS 
should be used for BMAA analysis. During analysis BMAA may be confused with its 
structural isomer 2,4-diaminobutyric acid (2,4-DAB) or other compounds (amino acids). 
Banack et al. (2010) managed to reliably separate BMAA from 2,4-diaminobutyric acid 
(2,4-DAB) by reversed-phase HPLC, and confidently distinguished BMAA from 2,4-DAB 
during triple quadrupole LC-MS/MS analysis172. In the following study, the authors also 
investigated the separation of BMAA from other diamino acids173. Metcalf et al. (2008) 
measured BMAA in environmental samples collected between 1990 and 2004 in the 
United Kingdom (UK) using HPLC-fluorescence and LC–MS/MS after derivatisation174. The 
specific MS/MS transition for the detection of underivatised BMAA is m/z 119 > 102157-
159,171. Al-Sammak et al. (2013; 2014) and Faassen et al. (2012) analysed it by LC-
MS/MS also in a derivatised form175,176. 
Table 7 gives several LC-MS/MS methods for the analysis of different cyanotoxins. 
 
Table 7: Liquid Chromatography − Triple Quadrupole Mass Spectrometry (LC-
MS/MS) methods for the analysis of cyanotoxins in environmental samples 
Cyanotoxin 
Detectio
n limit 
(μg/L) 
Extraction / 
sample 
preparation 
Location Reference 
Microcystins  
Nodularin 
n.a. 
Filtration and 
sonication 
Freshwater and 
brackish water 
(Finland) 
125 
Microcystins 
Nodularin 
n.a. n.a. Water (Finland) 
177 
Microcystins 
Anatoxin-a 
Cylindrospermopsin
Saxitoxins 
n.a. Lyophilisation 
Scum forming 
bloom samples 
from Coolmunda 
Dam (South-
east 
Queensland; 
Australia) 
145 
Microcystins n.a. 
Matrix solid 
phase dispersion 
Natural waters 
and blooms 
162 
Microcystins 0.002 Sonication; SPE 
Spiked surface 
water 
(Singapore) 
178 
Microcystins 
Nodularin 
 
0.1 
SPE with C18 
(use of an ion-
trap-MS 
instrument) 
Lake water 
(Ireland) 
140 
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Microcystins 0.04-2.0 SPE 
Lake waters 
(China) 
164 
Anatoxin-a 0.013 n.a. 
Lakes Albano, 
Nemi, Vico 
(Rome; Italy) 
153 
Microcystins 
Nodularin 
0.25 n.a. 
Lake and tap 
water (Ireland) 
163 
Microcystins 1.3-6.0 
SPE with Oasis 
HLB 
River and Lake 
waters (China) 
167 
BMAA n.a. Vortex 
Marine 
cyanobacterium 
cultures 
160 
BMAA n.a. 
Freeze drying 
Derivatisation 
Freshwater 
lakes (UK) 
174 
BMAA            
(HILIC 
chromatography) 
1 µg/g Sonication 
Cyanobacterial 
samples of 
worldwide origin 
158 
BMAA            
(HILIC 
chromatography) 
2 pg 
BMAA on 
column 
Sonication and 
SPE with Oasis-
MCX 
Freshwaters 
(China) 
157 
BMAA            
(HILIC 
chromatography) 
0.38 
SPE with Oasis-
MCX and Strata-
X-C polymeric 
cation-exchange 
cartridges 
Freshwaters 
(China) 
159 
BMAA 1 µg/g 
Trichloroacetic 
acid extraction 
Cyanobacterial 
samples (NL) 
171 
Lyngbya wollei 
toxins 
(neurotoxins) 
 
n.a. 
Lyophilisation; 
ultrasonication 
(Multi-toxins 
method) 
Benthic 
macroalgae in 
fluvial lakes of 
the St. 
Lawrence River 
(Canada) 
179 
BMAA        
Anatoxin-a 
0.8-3.2 
Cation-exchange 
SPE (Oasis-MCX) 
Water, fish and 
plants 
(Nebraska 
reservoirs; USA) 
175,176 
Microcystins 
Anatoxin-a 
Cylindrospermopsin 
MC-LR: 
1.0 
Anatoxin
Freezing and 
thawing of cells 
Surface waters 
in Wisconsin 
(USA) 
169 
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-a: 0.5 
Cylindros
permopsi
n: 0.5 
Microcystins 0.06-0.2 SPE with C18 
Lake waters 
(China) 
180 
Microcystins 
Anatoxin-a 
Cylindrospermopsin 
Microcyst
ins: 
0.002-
0.009 
Cylindros
permopsi
n: 0.3 
SPE 
Lake waters 
(Italy) 
181 
Microcystins 
Anatoxin-a 
Cylindrospermopsin 
n.a. Sonication 
Lake waters 
(USA) 
155 
Microcystins 
Nodularin 
< 0.02 SPE 
Surface and 
drinking waters 
(Greece) 
123 
Anatoxin-a 
Homoanatoxin-a 
n.a. 
Solid phase 
adsorption toxin 
tracking (SPATT) 
Waipoua River 
(New Zealand) 
182 
Microcystins 
Nodularin 
0.002 
SPE with Oasis 
HLB 
Lake 
Marathonas 
(Greece) 
139 
Microcystins 
Anatoxin-a 
Cylindrospermopsin 
n.a. Sonication 
Fresh and 
brackish waters 
(Germany) 
170 
Microcystins 
Anatoxin-a 
Cylindrospermopsin 
0.01-
0.02 
On-line SPE Lakes in Canada 165 
Microcystins 
(variants) 
n.a. Sonication 
Lake des 
Oiseaux, Algeria 
141 
Microcystins 
(variants) 
0.003-
0.03 
SPE 
Lake Occhito, 
Italy 
183 
 
 
4.5.1.4 Matrix-Assisted Laser Desorption/Ionisation Time-of-Flight (MALDI-
TOF) 
  
 
39 
Matrix-Assisted Laser Desorption/Ionisation Time-of-Flight (MALDI-TOF) is a rapid, 
selective and sensitive technique, with high resolution, and allows exact mass 
measurements and detection of compounds based on molecular formula. Matrix-Assisted 
Laser Desorption/Ionisation Time-of-Flight is a mass spectrometric method in which an 
ion's mass-to-charge ratio is determined via a time measurement. Modern software 
allows high-throughput, multiplexed analyses. Microcystins (MCs) are peptides and as 
such readily susceptible to detection with MALDI-TOF MS. It can provide considerable 
support to High Performance Liquid Chromatography (HPLC) by identifying cyanotoxins 
in very small samples such as single cyanobacteria colonies not available as purified 
standards, and it provides the molecular mass of all of the peptides and MC variants 
present. Matrix-Assisted Laser Desorption/Ionisation Time-of-Flight is essentially an off-
line technique, which in some ways is a disadvantage, as sample preparation in 
combination with chromatographic techniques can be automated only to a small degree. 
This method is usually utilised only for qualitative detection and identification of toxin 
congeners, and not for quantification of the substances166,184-187.  
Although the presence of cell components does suppress MC signals to some degree, the 
polar variants exhibit sufficiently low detection limits (0.023-0.071 µM) to permit use 
with field samples when a typical particulate collection protocol is used. Howard and 
Boyer (2007) filtered in their field work 2-20 L of water to collect the cyanobacterial 
cells, which were then extracted in 10 mL of solvent to obtain the MCs. This provides a 
200- to 2000-fold concentration factor, sufficient to detect MCs at levels as low as 0.012 
µg/L184.  
Table 8 gives few MALDI-TOF- methods for the analysis of cyanotoxins. 
 
Table 8: Matrix-Assisted Laser Desorption/Ionisation Time-of-Flight (MALDI-
TOF) methods for the analysis of cyanotoxins 
Cyanotoxin 
Detection 
limit 
Extraction / 
sample 
preparation 
Location Reference 
Microcystins n.a. 
Lyophilisation; 
sonication 
Tamega 
River 
(Portugal) 
186 
Microcystins 
Nodularin 
0.015 µM n.a. n.a. 
184 
Microcystins 3 ng 
HP thin layer 
chromatography 
Spiked 
water 
samples 
185 
 
4.5.1.5 Liquid Chromatography – Time-of-Flight Mass Spectrometry (LC-TOF-
MS) 
Unlike single quadrupoles, ion traps or tandem mass spectrometers, Liquid 
Chromatography - Time-of-Flight Mass Spectrometry (LC-TOF-MS) has the capability and 
advantage to produce exact mass measurements thus providing good selectivity in 
complex sample matrices. Furthermore, the detection of known compounds based on 
molecular formula and exact mass chromatogram extraction are possible even if the 
standard reference is not available.  
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Table 9 gives few LC-TOF-MS methods for the analysis of different cyanotoxins. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 9: Liquid Chromatography - Time-of-Flight Mass Spectrometry (LC-TOF-
MS) methods for the analysis of cyanotoxins in environmental samples 
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Cyanotoxin 
Detection 
limit 
Extraction / 
sample 
preparation 
Location Reference 
Saxitoxin 0.1 µg/g SPE (C18) n.a. 188 
Microcystins 
Nodularin 
Anatoxin-a 
1 µg/L SPE disks 
Water 
samples from 
little River 
near Clermont 
(USA) 
189 
Anatoxin-a 2 µg/L 
Lyophilisation; 
methanol 
Cyanobacteria 
samples from 
Lake Caragh 
(Ireland) 
190 
Microcystins 
 
Microalgae 
samples: 
0.1 µg/g; 
Water: 
0.1 µg/L 
Microalgae 
capsules: 
ultrasonic bath; 
Water: no sample 
concentration 
MCs in 
microalgae 
dietary 
supplement 
products and 
water 
(Switzerland) 
191 
Anatoxin-a n.a. Freeze drying 
Biofilms in La 
Loue River 
(France) 
151 
Lyngbya wollei 
toxins 
(neurotoxins) 
 
n.a. 
Lyophilisation; 
ultrasonication 
(Multi-toxins 
method) 
Benthic 
macroalgae in 
fluvial lakes of 
the St. 
Lawrence 
River 
(Canada) 
179 
Saxitoxin 
(Chromatography 
by RPLC and 
HILIC) 
0.6 ng 
Ultrasound-
assisted 
extraction 
Different 
lipophilic and 
hydrophilic 
toxins (China) 
149 
 
 
4.5.1.6 Nuclear Magnetic Resonance (NMR) 
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Nuclear Magnetic Resonance (NMR) is an analytical technique that exploits the magnetic 
properties of certain atomic nuclei and provides detailed information about the structure 
of molecules. Nuclear Magnetic Resonance is not a useful analytical method for the 
quantitative analysis of cyanotoxins in environmental samples. Nevertheless, Moura et 
al. (2009) developed a Proton Nuclear Magnetic Resonance (1H-NMR) method for the 
determination of β-N-methylamino-L-alanine (BMAA) in environmental aqueous 
samples192. The BMAA was extracted from samples by means of Solid-Phase Extraction 
(SPE) and identified and quantified by 1H-NMR without further derivatisation steps. The 
Limit Of Quantification (LOQ) was 5 mg/L. Dagnino and Schripsema (2005) published a 
1H-NMR method for the quantification of microgram quantities of Anatoxin-a (ATX-a) in 
standard solutions for the analysis of biological samples193.  
A new family of cyanobacterial peptides (Micropeptin 1106 and 1120) was discovered in 
2014 by Isaacs et al. (2014) using Liquid Chromatography Mass Spectrometry (LC-MS) 
and NMR194. These new micropeptin cyanopeptides were discovered to be released by 
Microcystis Aeruginosa blooms in North Carolina’s Cape Fear River and were discovered 
while carrying out a detailed chemical analysis of Microcystins (MCs) following two large 
algal blooms. Along with these new micropeptins, Microcystin-LR (MC-LR) and RR (MC-
RR) were also present, with the RR form found at 3 times that of LR. Levels of the new 
micropeptins were comparable to the MCs. While their biological activity and potential 
environmental effects are not yet fully determined, their high levels suggest they should 
be further investigated. 
 
4.6 Biota analysis 
Many studies have shown that cyanotoxins accumulate in a wide range of aquatic 
organisms including seafood consumed by humans, indicating a potential threat to 
human health. Due to the high toxicity of cyanotoxins to humans, their analysis is very 
important in biota samples. Health hazards of Microcystins (MCs) lead the World Health 
Organization (WHO) to establish for Microcystin-LR (MC-LR) a provisional guidelines 
value of 1 µg/L in drinking water and a provisional tolerable daily intake for sea food of 
0.04 µg/kg body weight/day131-133,195. Commission Regulation No. 853/2004 †  laying 
down specific hygiene rules on the hygiene of foodstuffs gives for the control of the 
Saxitoxin (STX)-group toxins in the European Union (EU) a limit value for Paralytic 
Shellfish Poison (PSP) of 800 µg/kg in bivalve molluscs. This limit corresponds with most 
limits established in countries outside the EU (Australia; USA; Canada)196. Microcystins 
are not regulated in (sea) food.  
Analysis of cyanotoxins in biota samples have been performed by biological methods 
such as the in vivo mouse bioassay, other assays, immunoassays (enzyme-linked 
immunosorbent assay-ELISA), and chemical methods197,198.  
Commission Regulation 2074/2005 ‡  lays down the mouse bioassay as the reference 
method for detecting STX in sea food. In addition to biological testing methods, 
alternative detection methods, such as chemical methods and in vitro assays, should be 
allowed if it is demonstrated that the performance of the chosen methods is at least as 
effective as the biological method and that their implementation provides an equivalent 
                                           
† Regulation (EC) No 853/2004 of the European Parliament and of the Council of 29 April 2004 
laying down specific hygiene rules for on the hygiene of foodstuffs. 
‡ Regulation (EC) No 2074/2005 of 5 December 2005 laying down implementing measures for 
certain products under Regulation (EC) No 853/2004 of the European Parliament and of the 
Council and for the organisation of official controls under Regulation (EC) No 854/2004 of the 
European Parliament and of the Council and Regulation (EC) No 882/2004 of the European 
Parliament and of the Council, derogating from Regulation (EC) No 852/2004 of the European 
Parliament and of the Council and amending Regulations (EC) No 853/2004 and (EC) No 854/2004 
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level of public health protection. Provision should be made for the replacement of 
biological tests as soon as possible199. 
The PSP mouse bioassay corresponds to the Association of Official Analytical Chemists 
(AOAC) official method 959.08 and has been in use for more than fifty years in many 
Member States. Its detection limit is approximately 400 µg STX equivalents/kg shellfish 
tissue, which is 50% of the current Maximum Residue Limit (MRL), and it has a precision 
of 15–20%. The method states that, initially, one, but preferably two or three mice are 
injected intraperitoneally with 1mL of an acid extract (pH 2–4) of shellfish198,200,201. This 
method is painful to the animals, stipulates death as an endpoint, and requires large 
numbers of mice, and therefore should be avoided. Moreover, it only provides a total 
toxicity value and no information about the specific toxin profile of a sample, and 
underestimates the real STX concentrations197,202.  
Functional fluorescent methods based on the use of membrane potential dyes have also 
been developed for the detection of STX203,204. 
Moreover, antibody-based or receptor binding biochemical/immunological methods (e.g. 
ELISA) have been developed for the analysis of STX in biota (sea food) samples, which 
can be used by shellfish farmers and by processors in end-product testing205-207. The 
lowest limit of detection obtained by an ELISA test was 0.1 µg/kg of shellfish 
tissue208,209. Based on this principle, a number of test kits are commercially available. 
ELISAs have also been applied for the screening of Microcystins in seafood 
tissues132,133,209-212 (Table 10).  
In addition, a receptor-binding assay, initially described by Vieytes et al. (1993) and 
further developed by Doucette et al. (1997), is now available in a radioactively-labelled 
isotope format, which shows very good precision and robustness, as well as an excellent 
comparability with the animal test198,213-215.  
Chemical analytical methods are based on Liquid Chromatography (LC) followed by 
fluorescence or Mass Spectrometric (MS) detection.  
A pre-chromatographic oxidation LC-fluorescence method has been collaboratively 
studied, and was approved by AOAC International in June 2005 and as a European CEN 
standard216-218. The correlation with mouse bioassay data was high. Also a post-column 
oxidation method was developed, which became the AOAC International method 
2011.02197,219. The two methods have been officially validated by the AOAC with 
interlaboratory studies and both are capable of detecting PSP toxins within the 
regulatory limit, 800 µg STX equivalents/kg220.  
During the last years Liquid Chromatography – Triple Quadrupole Mass Spectrometry 
(LC-MS/MS) techniques have been developed for the analysis of STX in biota (mainly 
mussel) samples. Boundy et al. (2015) reported an effective desalting pre-treatment 
cleanup step using inexpensive graphitised carbon Solid Phase Extraction (SPE) 
cartridges prior to Hydrophilic Interaction Liquid Chromatography (HILIC) separation and 
MS/MS detection221. This represents a major technical breakthrough and allows 
sensitive, selective and rapid analysis of paralytic shellfish toxins from a variety of 
sample types, including many commercially produced shellfish (mollusc) species. The 
procedure reduced matrix effects substantially and the method was subjected to an 
extensive single laboratory validation study on various shellfish species as reported by 
Turner et al. (2015)222. Method sensitivity was significantly increased and detection 
limits were found to be similar or below those reported for both pre- or post-column 
oxidation LC-fluorescence methods197. 
In order to guarantee uniformity in the test procedures for marine biotoxins within the 
European Union (EU), a Community Reference Laboratory (CRL) has been established. 
The laboratory of the “Ministerio de Sanidad y Consumo” in Spain was designated as the 
CRL in 1993. Since 2005, the CRL has been part of the Spanish Food Safety Agency of 
the Spanish Ministry of Health198. 
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The analysis of Microcystins in biota samples is usually performed first by an ELISA 
screening assay followed by LC-MS/MS confirmation. Table 10 summaries these ELISA 
and LC−Triple Quadrupole Mass Spectrometry (LC-MS/MS) methods for the analysis of 
Microcystins (and Nodularin) in biota samples. 
Table 11 gives LC−Triple Quadrupole Mass Spectrometry (LC-MS/MS) methods for the 
analysis of STX in biota samples. 
In addition, Zastepa et al. (2015) analysed cyanotoxins in sediment and pore water by 
LC-MS/MS (Table 12)168. 
 
Table 10: Enzyme-Linked Immunosorbent Assay (ELISA) Liquid 
Chromatography − Triple Quadrupole Mass Spectrometry (LC-MS/MS) methods 
for the analysis of Microcystins (and Nodularin) in (aquatic) biota 
Cyanotoxin Species 
Detection 
limit 
(μg/kg) 
Extraction / 
sample 
preparation 
Location Reference 
Microcystins 
Silverside; 
carp 
n.a. n.a. 
Lake 
Patzcuaro 
(Mexico) 
210 
Microcystins 
Nodularin 
Catfish; 
Swai; 
basa 
10 
Acidified 
acetonitrile/water 
(3:1) followed by 
hexane 
partitioning 
cleanup 
Food 
(USA) 
212 
Microcystins Mussels n.a. Lyophilisation 
Puget 
Sound 
estuary, 
USA 
131 
Microcystin 
LR 
Clams 2 SPE 
Coastal 
ponds 
(Sardinia; 
Italy) 
133 
Microcystins 
in water, 
sediment, 
fish, and 
bloom 
Fish n.a. Lyophilisation 
Lake 
Eğirdir 
(Turkey) 
132 
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Table 11: Liquid Chromatography − Triple Quadrupole Mass Spectrometry (LC-
MS/MS) methods for the analysis of Saxitoxins (STX) in biota 
Cyanotoxin Species 
Detection 
limit 
(μg/kg) 
Extraction / 
sample 
preparation 
Location Reference 
Saxitoxins Shellfish 89 
Acidic 
acetonitrile/water; 
cleaned-up with 
Oasis HLB and 
Carbograph 
activated carbon 
SPE columns 
Norway 223 
Saxitoxins 
Sea 
food 
1-20 
QuEChERS 
(Quick, Easy, 
Cheap, Effective, 
Rugged and Safe) 
China 224 
Saxitoxins 
Oyster; 
mussel 
0.1-4 
Acetic acid/water; 
graphitised 
carbon SPE 
cartridges 
UK and 
New 
Zealand 
221 
Saxitoxins Mollusc n.a. SPE (C18) 
Arctic 
Chukchi 
and 
Bering 
Seas 
225 
 
Table 12: Analysis of cyanotoxins in sediment and pore water by Liquid 
Chromatography − Triple Quadrupole Mass Spectrometry (LC-MS/MS) 
Cyanotoxin 
Detection 
limit 
(μg/kg) 
Extraction / sample 
preparation 
Location Reference 
Microcystins 
Nodularin 
 
1.1-2.5 
Accelerated solvent 
extraction, 
hydrophilic–lipophilic 
balanced solid phase 
extraction 
Lakes 
(Canada) 
168 
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Conclusion 
Cyanotoxins are secondary metabolites produced by cyanobacteria under eutrophic 
conditions and/or as a result of climate changes. These anthropogenic and 
environmental factors can induce the rapid growth of cyanobacteria with the consequent 
formation of blooms which may eventually represent a serious risk of toxicity for the 
environment. Due to the growing recurrence of toxic blooms, cyanotoxins are considered 
an emerging hazard to natural reservoirs and drinking water supply. In addition, their 
release in waterbodies has also important repercussion on human health. Harmful effects 
of cyanobacteria in humans may occur after the consumption of contaminated drinking 
water or via the consumption of contaminated seafood. The European Regulation No. 
853/2004 stated the limit values of a range of toxins in marine seafood and fixed at 800 
µg/kg the maximum quantity for Saxitoxins (STX). However, to our knowledge, there 
are no specific guidelines and regulations for cyanotoxins in freshwater seafood both in 
Europe and in all the other countries and states around the globe, with the exception of 
California226. Different countries in Europe have also adopted specific national guidelines 
for managing cyanobacteria in drinking water and it is not clear how there are much 
more regulations for the exposure of cyanotoxins through drinking water than via food.   
The best goal for water quality monitoring programs and water management is the 
prediction and the consequent reduction of bloom events. To achieve these aims, specific 
technical methods need to be used to assure the identification and quantification of the 
toxins in an environmental sample. Among all the cyanotoxins, Microcystin-LR (MC-LR), 
the most toxic and widespread hepatotoxin, is also the most studied. As showed in this 
report, there are a variety of analytical detection techniques for cyanobacteria or 
cyanotoxins including bioassays and chemical methods. The first and simplest approach 
usually is cell counting and pigment monitoring which are useful for initial screening of 
bloom samples. Cyanobacteria and cyanotoxins can be however detected and quantified 
through biological, chemical or biochemical approaches, each with specific benefits and 
limitations. The chemical methods, although largely used in the research of the 
cyanotoxin-contaminated samples, are characterised by high costs and the requirement 
of highly qualified staff. Other methods such as molecular and biochemical approaches 
are therefore preferred for routine water monitoring but advantages and disadvantages 
should be carefully evaluated for each of them. Speed, costs, effectivity, selectivity, ease 
of use and detection limits are of great importance in selecting the technique to be used. 
The integration of genomic, transcriptomic and proteomic data represents a good 
strategy to identify the organisms associated with the blooms and the toxins released in 
the waterbodies. However, many efforts have still to be made in order to improve the 
existing available techniques and to develop new tools for detecting toxic cyanobacteria 
species and species-specific cyanotoxins which are still not well investigated. The lack of 
comprehensive toxicity data referred to all cyanotoxins is also an important gap to 
overcome so as to improve cyanobacteria regulations and to make a decisive step 
towards recognising cyanotoxins as a risk to human health and the environment.  
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